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A B S T R A C T   

The effects of biological activated carbon treatment using Fe2O3-modified granular activated carbon in inhibiting 
antibiotic resistance genes in simulated drinking water distribution systems was compared with unmodified 
granular activated carbon as a reference. Fe2O3-modified biofiltration resulted in a sustained inhibition of 
resistance genes during drinking water chlorination and distribution (relative abundance in simulated tap water 
after the modified and unmodified filtration was 1.31% and 9.40%, respectively). A new electron transfer 
pathway occurring in attached biofilms on Fe2O3-modified granular activated carbon surface, which was iden-
tified using X-ray photoelectron spectroscopy and the phenanthroline spectrophotometric method, enhanced the 
extracellular electron transfer rate and weakened the pressure of organic micropollutants on microorganisms. 
Hence, the relative abundance of resistance genes (36.32%) and integron (8.79%) on modified carbon was 
considerably lower than that on unmodified carbon (115.59% and 13.85%, respectively). Meanwhile, the 
secreted extracellular polymeric substances on modified carbon presented higher flocculating efficiency and 
better mechanical stability, resulting in the suspended extracellular polymeric substances in downstream water 
exhibiting stronger electrostatic repulsion. The particle-attached biofilms in downstream distribution systems 
consistently failed to form larger aggregates, inhibiting horizontal gene transfer, and overall microbial meta-
bolism. Based on network analysis, 11 OTUs in the water samples from raw water to simulated tap water formed 
an extremely interrelated module with no links to target resistance genes and integron. Therefore, a range of 
microbial variations triggered by the microbial interface on modified carbon successfully controlled the transfer 
of antibiotic resistance genes-associated risk from biological activated carbon effluent to tap water. Our findings 
revealed that enhancing the microbial interface using Fe2O3-modified granular activated carbon is a promising 
option for inhibiting the antibiotic resistance genes increase in tap water.   

Table 1 
List of abbreviations in this paper.  

Abbreviations Specific interpretation 

ARGs Antibiotic resistance genes 
HGT Horizontal gene transmission 
EPS Extracellular polymeric substances 
DWDSs Drinking water distribution systems 
DWTPs Drinking water treatment plants 

(continued on next column) 

Table 1 (continued ) 

Abbreviations Specific interpretation 

AC Activated carbon 
BAC Biological activated carbon 
Fe/GAC Fe2O3 modified granular activated carbon 
GAC Granular activated carbon 
RW Raw water 
FCW Effluent from Fe/GAC filter 
CW Effluent from GAC filter 

(continued on next page) 
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Table 1 (continued ) 

Abbreviations Specific interpretation 

ARs Annular reactors simulating DWDSs (divided into ARs-Fe/GAC and 
ARs-GAC according to the influent) 

FCWCl Influent of AR-Fe/GAC (FCW with 5 mg/L Cl2) 
CWCl Influent of AR- GAC (CW with 5 mg/L Cl2) 
FCDW Effluent of ARs-Fe/GAC 
CDW Effluent of ARs-GAC 
PN Protein 
PS Polysaccharide 
qRCR Quantitative PCR 
RDA Redundancy analysis 
DOC Dissolved organic carbon 
EEM Excitation-emission matrix fluorescence 
ATP Adenosine triphosphate 
SEM Scanning electron microscope 
XPS X-ray photoelectron spectroscopy   

1. Introduction 

In recent years, the global misuse of antibiotics has accelerated the 
emergence of antibiotic-resistant pathogens and ‘superbugs,’ rendering 
the medications used to cure infections ineffective (Xie et al., 2019). The 
WHO has identified antibiotic resistance as one of the most serious 
threats to human health and has deployed strategies to control antibiotic 
resistance globally (Organization, 2001). Currently, the main microbial 
antibiotic resistance mechanisms are impermeable barriers, target 
modification, antibiotic modification, and efflux pump (Dantas et al., 
2014). The resistance mechanisms of different antibiotics considerably 
vary, which are controlled by different antibiotic resistance genes 
(ARGs). Previous studies have revealed that the number of ARGs is 
increasing annually in environments with on history of antibiotics use, 
which is related to the transmission mode of ARGs (Segawa et al., 2013). 
Presently, antibiotic resistance can be mainly acquired via horizontal 
gene transmission (HGT). According to statistics, hundreds of ARGs have 
been detected in various environmental matrices, including wastewater 
treatment plants and surface water (Chen et al., 2016). 

Pollution resulting from wastewater generated during antibiotic 
production, and urban and hospital sewage enables drinking water 
sources to host diverse ARGs (Han et al., 2020b), and this biological 
contribution may not be completely eliminated by drinking water 
treatment plants (DWTPs) (Han et al., 2020a), hence, drinking water 
was key source of waterborne diseases (Mcclung et al., 2017). After 
centuries of development, traditional drinking water treatment tech-
nology, which is based on coagulation, sedimentation, filtration, and 
disinfection, has become increasingly popular. Although chlorination 
removes most microorganisms, a few remain in the disinfected water 
before entering the drinking water distribution systems (DWDSs) (Liu 
et al., 2016), where the bacterial community changes caused by chlo-
rination can promote ARGs abundance (Jia et al., 2015). After flowing 
into DWDSs, more than 90% of the microorganisms attach onto the 
surface of DWDSs in the form of biofilms (Gatica et al., 2016). Due to 
high bacterial density and sustained diversity, biofilms promote the HGT 
of ARGs (Schluter et al., 2007). Therefore, the DWDSs surface biofilms 
may be an ideal site for ARGs migration in aquatic environments and an 
important reservoir for ARGs (Zhang et al., 2009). The release of bio-
films attached onto the surface of DWDSs, may promote ARGs in tap 
water (Liu et al., 2017). A previous study confirmed that ARGs levels in 
tap water increased 100 times during its circulation via DWDSs (Xu 
et al., 2016). Thus, drinking water is considered an important medium 
that transmits ARGs between the environment and humans. An increase 
in ARGs levels during the delivery of drinking water via DWDSs is 
causing widespread concern. 

Numerous studies have proposed different techniques in response to 
the ARGs problem in drinking water. Chlorine is the most widely applied 
disinfectant, and is a highly efficient oxidant that destroys the cell 

surface and DNA structure (Zhang et al., 2015). However, with 
advancement in research, evaluating the effect of chlorine on ARGs 
removal varies. For example, a study found that ARGs-carrying bacteria 
and ARGs were simultaneously removed within 30 min after adding 0.5 
mg/L chlorine (Stange et al., 2019). Conversely, another study observed 
that low doses of chlorine sufficiently triggered the HGT pathway of 
ARGs (Zhang et al., 2017). Moreover, some studies have found that the 
selective enrichment of specific ARGs due to chlorination needs to be 
further investigated (Shi et al., 2013). UV disinfection is less effective in 
ARGs removal than chlorination, and is usually combined with chlori-
nation due to the lack of constancy (Zhang et al., 2019). Sand filtration 
removes ARGs by contact adhesion effect (Su et al., 2018), but the 
detachment of aging biofilms and their entry into water increased the 
ARGs abundance. Ozone damages extracellular DNA molecules by 
generating non-selective and strongly oxidative hydroxyl radicals. 
However, in some studies, increasing the ozone dose did not enhance 
ARGs removal efficiency (Zheng et al., 2017), but further increased the 
absolute abundance of ARGs in the effluent (Guo et al., 2014). Although 
many ARGs-removal technologies have been employed, the corre-
sponding discussions on their advantages and limitations are still lack-
ing, and ARGs removal mechanisms remains unclear, which hinder the 
ecological feasibility (Li et al., 2021). 

Activated carbon (AC) is a highly efficient sustainable adsorbent 
with a large surface area, high porosity and surface reactivity, can be 
easily compacted into a packed bed (Adebisi et al., 2017; Agboola et al., 
2018). With the growth of surface microorganisms, microbial degrada-
tion considerably contributes in the removal of organic matter, so called 
biological activated carbon (BAC). However, previous studies have 
found that BAC filtration contributes to ARGs contamination in drinking 
water (Wan et al., 2021), and the relative abundance of ARGs increased 
in the granular activated carbon (GAC) media, which was facilitated by 
HGT (Xu et al., 2020). Many studies on AC modification have been 
recently conducted to regulate ARGs in drinking water. A study reported 
that the relative abundance of total identified ARGs was considerably 
reduced after β-cyclodextrin-modified biochar treatment (Wu et al., 
2020). Furthermore, new ACs were synthesized based on different 
modification methods such as silver nanoparticle impregnation, iron 
oxide loading, and gangue loading, which successfully enhanced 
pollutant removal (Chen et al., 2017; Li et al., 2020). However, these 
studies only aimed at removing target pollutants, with little consider-
ation of their effects on downstream DWDSs. A previous study found 
that BAC treatment significantly influenced the microbial community 
structure in DWDSs and reduced the occurrence of opportunistic path-
ogens (Wang et al., 2013), indicating that BAC treatment played a 
continuous role in DWDSs. Our previous study further verified that BAC 
exhibited lower microbial and metabolite release in DWDSs, which 
assisted in inhibiting water quality deterioration in DWDSs (Xing et al., 
2020). In addition, we found that biofilter with Fe2O3-modified granular 
activated carbon (Fe/GAC) could improve the quality of tap water by 
inhibiting microbial growth, biofilm aggregation, and extracellular 
polymeric substance (EPS) production in DWDSs (Xing et al., 2021). 
Therefore, we speculate that Fe/GAC affects ARGs during biofiltration 
and distribution, but its mechanism requires further study. 

In this study, the effects of Fe/GAC and common granular activated 
carbon (GAC) biofiltration on ARGs level in DWDSs were comprehen-
sively investigate. The changes in ARGs level and microbial community 
structure throughout the treatment and distribution systems were 
monitored by qPCR and high-throughput Illumina HiSeq DNA 
sequencing. In addition, microbial activity, EPS nature, biofilm 
morphology, and interface material characteristics were evaluated to 
elucidate the enhanced performance of the Fe/GAC biofilter. A novel 
mechanism for tap water quality control is proposed based on enhancing 
the BAC microbial interface to control the risk of ARGs, and a practical 
suggestion for producing drinking water of higher quality is introduced. 
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2. Material and methods 

2.1. Synthesis of Fe2O3/Granular activated carbon 

Commercially available GAC (20–50 mesh) was used as the raw 
material. First, GAC was washed with deionized water and dried in an 
electric blast-drying oven at 150 ◦C for 24 h. Approximately 0.12 g 
FeCl3⋅6H2O was dissolved in 6 mL ultrapure water, and 2 g of pretreated 
GAC was added to the above solution. After ultrasonic treatment for 1 h, 
the dispersed solutions (including GAC) were dried in a water bath at 
85 ◦C for approximately 10 h to ensure complete evaporation. The 
mixture was calcined in a muffle furnace at 300 ◦C for 0.5 h and natu-
rally cooled to 25 ◦C–30 ◦C. Finally, the composites (Fe/GAC) were 
repeatedly washed with ultrapure water and dried in an electric blast- 
drying oven at 150 ◦C. Detailed information on AC properties is pro-
vided in Text S1. 

2.2. Experimental system setup and operation 

The entire experimental device simulated the actual advanced 
drinking water treatment process and distribution systems (Fig. S1). 
Raw water (RW), which was treated by coagulation, sedimentation, and 
sand filtration, used in the BAC treatment (Fe/GAC filter or GAC filter) 
was procured from a drinking water plant in southern China. The RW 
was subjected to biofiltration with an empty bed contact time of 30 min. 
The effluent from the Fe/GAC filter (FCW) was disinfected with NaClO, 
then flowed into the simulated reservoir (FCWCl), and finally entered 
the DWDSs (FCDW) simulated by annular reactors (ARs). The effluent 
from the GAC filter (CW) was similarly disinfected, then flowed into 
another reservoir (CWCl), and finally entered AR-GAC (CDW). The 
FCDW and CDW were distributed in the ARs for two days. The BAC 
filters and ARs were operated for one cycle of operation (approximately 
200 days), ensuring the reliability during the experimental conclusion. 
Fig. S2 presents the flow chart, which details the processes followed to 
achieve the aim of the study. 

2.3. Quantitative PCR (qPCR) and sequencing analysis of microbial 
communities 

DNA was extracted according to the procedure described in the 
FastDNA spin kit for soil. Detailed information on the sampling for DNA 
extraction is shown in Text S2. Quantitative polymerase chain reaction 
(qPCR) was conducted using a Real-Time PCR system (Quant Studio 3, 
Thermo Fisher, USA). Detailed qPCR operation is shown in Text S3, and 
primer information and qPCR analysis procedures are included in 
Table S1. The microbial community structure was sequenced using the 
Illumina HiSeq analysis. Detailed information on the Illumina HiSeq 
analysis is provided in Text S4. Correlation and redundancy analyses 
(RDA) were performed using StataMP 16 and Canoco 5.0, respectively. 
The heatmaps of Pearson correlation coefficients and co-occurrence 
networks were calculated using R (http://www.r-project.org/) and 
Gephi 0.9.2. 

2.4. EPS extraction and analysis 

In this study, the EPS from biofilms of drinking water treatment 
processes were extracted using the typical ultrasonication- 
centrifugation method, and the detailed extraction procedure for EPS 
is described in Text S5. The protein (PN) and polysaccharide (PS) con-
tent of the EPS was determined by modified Laurie method and phenol- 
sulfuric acid method (Text S6), respectively. The zeta potentials were 
obtained using Zetasizer Nano (ZS90, Malvern, UK). 

2.5. Water quality analysis 

Chlorine concentration in the water samples from the simulated 

DWDSs was measured using a spectrophotometer (DR6000, HACH, 
USA). Dissolved organic carbon was analyzed using total organic carbon 
analyzer (TOC-L ASI-L, SHIMADZU, Japan). Excitation-emission matrix 
fluorescence (EEM) measurements were conducted using fluorescence 
spectrophotometer (F-7000, Hitachi, Japan). The adenosine triphos-
phate (ATP) concentration was measured using the BacTiter-GloTM 
reagent (Promega Corporation) and a luminometer (LumiPro, Alita 
BioSystems, USA). 

3. Results and discussion 

3.1. ARGs and total bacteria in water 

As shown in Fig. 1A and B, the gene copy numbers of sul1, sul2, and 
sul3 in RW were approximately 4.16, 1.75, and 3.82 log10 (gene copies/ 
mL), respectively. In the effluent of the Fe/GAC filter (FCW), the gene 
copy numbers of sul1, sul2, and sul3 were 6.00, 4.22, and 3.78 log10 
(gene copies/mL), and those in the effluent of GAC filter (CW) were 
6.78, 2.84, and 4.19 log10 (gene copies/mL), respectively. After chlo-
rination, sulfadiazine resistance genes contents in water declined sub-
stantially, and the gene copy numbers of sul1, sul2, and sul3 in the 
influent of AR-Fe/GAC (FCWCl) were 4.29, 2.57, and 2.17 log10 (gene 
copies/mL), and those in the influent of AR-GAC (CWCl) reduced to 
4.13, 1.61, and 1.61 log10 (gene copies/mL), respectively. After trans-
port via DWDSs, the gene copy numbers of sul1, sul2, and sul3 in the 
effluent of AR-Fe/GAC (FCDW) increased to 5.68, 2.05, and 4.69 log10 
(gene copies/mL), and those in the effluent of AR-GAC (CDW) increased 
to 7.20, 2.57, and 5.19 log10 (gene copies/mL), respectively. BAC filters 
and DWDSs, equivalent to two sequential microbiological systems, have 
been confirmed to play a key role in promoting antibiotic resistance 
(Rilstone et al., 2021; Xu et al., 2016). Fe/GAC exhibited a better inhi-
bition effect on the increase and propagation of sulfadiazine resistance 
genes during BAC treatment and in DWDSs. As shown in Fig. 1C and D, 
the chloramphenicol resistance genes in water exhibited similar changes 
to those of sulfadiazine resistance genes. With pretreated Fe/GAC bio-
filter, the gene copy numbers of floR, cmlA, and catB3 slightly increased 
from 3.03, 2.72, 3.55 (RW) to 2.57, 3.17, 5.60 (FCDW) log10 (gene 
copies/mL), respectively, indicating better inhibition effect of chlor-
amphenicol resistance genes by Fe/GAC. 

Moreover, gene copy numbers of mexA in RW was 5.25 log10 (gene 
copies/mL), which increased to 5.75 and 7.15 log10 (gene copies/mL) in 
FCDW and CDW, respectively (Fig. 1E and F). Therefore, the Fe/GAC 
filter reduced the mexA increase in the DWDSs effluents, which was 
beneficial in reducing the ability of bacteria to remove antibiotics (Jia 
et al., 2015). In addition, the gene copy numbers of int1 and int2 in 
FCDW increased from 3.67, 1.84 (RW) to 3.96, 4.08 log10 (gene 
copies/mL), and those in CDW increased to 4.62 and 4.07 log10 (gene 
copies/mL), respectively (Fig. 1E and F). Compared to the GAC filter, 
Fe/GAC effectively inhibited the propagation of ARGs between microbes 
(Gatica et al., 2016). 

Furthermore, the gene copy numbers of 16S rRNA were 6.91, 7.62, 
6.11, and 7.84 log10 (gene copies/mL) in RW, FCW, FCWCl, and FCDW, 
respectively (Fig. 2A). In GAC, the 16S rRNA gene copies exhibited 
similar values except that CDW exhibited higher 16S rRNA gene copies 
than FCDW (Fig. 2B), indicating that the Fe/GAC filter markedly influ-
enced in controlling microbial growth in DWDSs. As expected, the ATP 
concentrations in the water samples were consistent with the 16S rRNA 
results. The ATP concentrations in FCW were notably lower than those 
in CW, indicating the effective inhibition of microbial activity by Fe/ 
GAC, which probably contributed in ARGs inhibition. The relative 
abundances of ARGs were calculated based on the results of ARGs and 
16S rRNA gene copy numbers (Xu et al., 2020), as shown in Fig. 2D. The 
relative abundance of ARGs in FCW (6.16%) was considerably lower 
than that in CW (17.82%), especially for sulfadiazine resistance genes. 
After transfer via DWDSs, the relative abundance of ARGs in FCDW 
decreased from 6.45% (FCWCl) to 1.33%, while that in CDW increased 
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from 4.30% (CWCl) to 9.42% (Fig. 2D). The results above indicated that 
the Fe/GAC filter in this study exhibited a superior inhibition effect on 
ARGs promotion, driven by BAC filter and DWDSs. 

Overall, for ARGs of commonly used antibiotics (e.g., sulfadiazine), 
or those of rarely used (e.g., chloramphenicol) ones, including the efflux 
pump genes and MGEs that act on most antibiotics, the inhibitory effects 
of the Fe/GAC filter were stronger than those of the GAC filter, which 
might be relevant to the changes in the microbial community. 

3.2. ARGs and total bacteria in the biofilms on AC surface 

In this study, the ARGs and total bacteria in biofilms on the surface of 
AC were also determined to explore the reasons for the decline of ARGs 
in water. The gene copy numbers of sul1, sul2, and sul3 in biofilms on 
the Fe/GAC surface were 6.65, 5.89, and 5.05 log10 (gene copies/g), 
and those for GAC were 8.54, 5.36 and 6.61 log10 (gene copies/g) 
(Fig. 3A), respectively. Similarly, the copies of chloramphenicol resis-
tance in Fe/GAC were lower than those in GAC (Fig. 3B). For Fe/GAC, 
the gene copy number of floR, cmlA, and catB3 were 5.32, 5.78, and 
6.48 log10 (gene copies/g), and those for GAC were 5.35, 6.07, and 6.80 
log10 (gene copies/g), respectively. Overall, the aforementioned results 
indicated that sulfadiazine and chloramphenicol ARGs promotion was 
efficiently inhibited in Fe/GAC surface biofilms. In addition, the gene 
copy numbers of mexA, int1, and int2 in surface biofilms of Fe/GAC 

were 7.22, 6.83, and 5.38 log10 (gene copies/g), respectively, which 
were substantially lower than those of GAC (Fig. 3C). 

As shown in Fig. 3D, the gene copy number of 16S rRNA in the 
biofilms of Fe/GAC and GAC were 7.90 and 8.43 log10 (gene copies/g), 
respectively, indicating similar microbial biomass. The ATP concentra-
tion of Fe/GAC (0.021 nmol/g) was remarkably lower than that of GAC 
(0.039 nmol/g), which is consistent with the results of ATP concentra-
tion in FCW and CW (Fig. 2C). The above results verified that the mi-
crobial activity on Fe/GAC surface was considerably weaker than that 
on GAC. The relative abundance of ARGs was calculated based on the 
results of the ARGs and 16S rRNA gene copy numbers (Fig. 3E). 
Compared with GAC, the relative abundance of ARGs on Fe/GAC 
exhibited lower values, especially integron (8.79%) and sulfadiazine 
resistance genes (8.20%), which was highly consistent with the results of 
FCW and CW (Fig. 2D). 

The Fe/GAC surface biofilms exhibited lower integron abundance 
and weaker microbial activity, with no significant difference in total 
bacteria (Fig. 3F), which ensured the biodegradation effect. Considering 
the experimental data and a review of the literature (Dantas et al., 
2014), HGT inhibition plays a key role in reducing ARGs on the Fe/GAC 
surface in this study. Generally, the characteristics of filter materials 
significantly influences the microbial community structure (Lu et al., 
2021). Moreover, many studies have verified that the microbial com-
munity in DWDSs could be influenced by biofiltration treatment in 

(F)(E)

(D)(C)

(B)(A)

Fig. 1. Sulfadiazine resistance genes copy numbers (sul1, sul2, sul3) in (A) RW, FCW, FCWCl, FCDW and (B) RW, CW, CWCl, CDW. Chloramphenicol resistance 
genes copy numbers (floR, cmlA, catB3) in (C) RW, FCW, FCWCl, FCDW and (D) RW, CW, CWCl, CDW. Efflux pump gene (mexA) and integron (int1, int2) in (E) RW, 
FCW, FCWCl, FCDW and (F) RW, CW, CWCl, CDW. Error bars represent the standard deviation of the average from three replications (n = 3). 
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DWTPs (Pinto et al., 2012). A decline of ARGs in FCW, caused by the 
Fe/GAC microbial interface, resulted in the inhibition of ARGs in 
DWDSs. Therefore, the interfacial interaction between Fe/GAC and 
microorganisms significantly influenced ARGs propagation in DWDSs, 

which was previously overlooked. To explore the reason for the 
enhancement of ARGs inhibition by the Fe/GAC filter, a series of char-
acterizations of the interface between Fe/GAC materials and attached 
biofilms were conducted. 

(D)

(B)

(C)

(A)

Fig. 2. 16S rRNA gene copy numbers in (A) RW, FCW, FCWCl, FCDW and (B) RW, CW, CWCl, CDW. (C) ATP concentration and (D) ARGs relative abundance in RW, 
effluents of BAC filters, influents and effluents of AR. Error bars represent the standard deviation of the average from three replications (n = 3). 

Fig. 3. (A) Sulfadiazine resistance genes copy 
numbers (sul1, sul2, sul3), (B) chloramphenicol 
resistance genes copy numbers (floR, cmlA, catB3), 
(C) efflux pump gene (mexA) and integron (int1, 
int2), (D) 16S rRNA gene copy numbers (left Y-axis) 
and ATP concentration (right Y-axis), (E) Relative 
abundance of ARGs in surface biofilms of AC. (F) 
Proposed mechanism of decline in ARGs in surface 
biofilms by Fe/GAC. Error bars represent the standard 
deviation of the average from three replications (n =
3).   
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3.3. Enhanced microbial interface of Fe/GAC 

The SEM image of GAC exhibited a typical porous structure, which 
revealed a remarkable change in the morphology of Fe/GAC, as dis-
played by the emerging filamentous structure filling the porous channel 
after loading with Fe (Fig. 4A). Fine particles, which may be Fe2O3 
particles, were found on the surface of the filamentous structure of Fe/ 
GAC, while the surface of GAC was smoother. After Fe modification, the 
percentage content of Fe increased from 0 to 3.29 wt%, and O increased 
from 7.41 to 12.36 wt% (Fig. 4B and Table S2), which might be related 
to the formation of Fe–O bonds on the surface. The biofilm structures on 
the surface of Fe/GAC and GAC after one cycle of operation (approxi-
mately 200 days) were rather different (Fig. 4A). Based on the SEM 
micrographs, microbes on the Fe/GAC surface were distributed more 
uniformly and formed interconnected biofilms on the surface. As shown 
in Fig. 4B, the content of O and P on Fe/GAC (O = 57.90 wt%, P = 18.77 
wt%) were significantly higher than those on GAC (O = 12.24 wt%, P =
1.08 wt%) (Table S2), were consistent with the result of XPS P 2p 
(Fig. S4A), which may be attributed to bacterial replication and EPS 
secretion. After one cycle of operation, the percentage of Fe stabilized at 

0.91 wt%, indicating the stability of the Fe species. The elemental 
mapping results consistent with the EDS analysis shown in Fig. S3. 

XPS analysis on O 1s and Fe 2p of Fe/GAC and GAC were performed 
before and after use. Fe–O–Fe (529.9 eV), Fe–O–C (531.0 eV), and 
Fe–O–H (531.8 eV) bonds were formed on the surface of Fe/GAC after Fe 
modification (Fig. 5A) (Qian et al., 2017; Yang et al., 2018). Compared 
with fresh Fe/GAC, the intensity of Fe–O–C (531.2 eV) significantly 
increased with biofilm growth (Fig. 5C), indicating a stronger interac-
tion between iron species and microorganisms on the Fe/GAC surface. 
However, the O 1s spectrum of GAC exhibited minimal change after one 
cycle of operation. The Fe 2p XPS spectrum of fresh Fe/GAC (Fig. 5B) 
exhibited two major peaks centered at 711.4 and 724.9 eV, which rep-
resents Fe 2p3/2 and Fe 2p1/2, respectively. The peaks at 710.2 and 
723.1 eV ascribes to Fe2+, whereas the peaks that correspond to 711.6, 
713.8, 724.8, and 727.2 eV are assigned to Fe3+ (Wang et al., 2021). The 
intensity of Fe2+ (710.3 and 721.3 eV) weakened after one cycle of 
operation (Fig. 5D), indicating that the iron species participated in the 
extracellular electron transfer in biofilms. Based on phenanthroline 
spectrophotometric method (Bing et al., 2015), the Fe2+ concentration 
on Fe/GAC surface increased sharply from 6.27 μg/g to 12.47 μg/g after 

Fig. 4. (A) Scanning electronic microscopy (SEM) and (B) energy dispersive spectroscopy (EDS) of fresh filter material and used filter material.  
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organic matter adsorption (2 h), and gradually decreased to 3.88 μg/g 
after one cycle of operation (Fig. 5E). According to the split-peak fit of 
the XPS results, the ratio of Fe2+ to Fe increased from 15.81% to 28.88% 
after organic matter adsorption, and gradually decreased to 20.80% 
after one cycle of operation (Figs. S4B and S4C). These results verified 
that electrons, after adsorption of organic pollutants, were transferred 
from water to the Fe2O3 particles on the Fe/GAC surface, while microbes 
obtained electrons from Fe/GAC with the gradual formation of biofilms 
on the Fe/GAC surface. 

Fig. 5F shows the FTIR spectra of Fe/GAC and GAC before and after 
operation. A broad absorption band centered at 3445 cm− 1 observed for 
all samples, is related to the stretching vibration of hydroxyl groups, and 
is typical of phenol, alcohol, and carboxylic acid groups (Marsh and 
Rodríguez-Reinoso, 2006). The band centered at 1385 cm− 1, which is 
typical of phenolic groups (Silva et al., 2017), decreased remarkably 
after Fe loading. Meanwhile, the peak at 563 cm− 1, which is charac-
teristic of the stretching modes of Fe–O bonds, were found in fresh 
Fe/GAC and used Fe/GAC, which is consistent with the XPS results 
(Fig. 5A and C). Fe/GAC exhibited weaker negative zeta potential, 
indicating weaker electrostatic repulsion between the Fe/GAC surface 
and bacteria (Fig. S4D). With the formation of biofilms, the zeta po-
tential of Fe/GAC and GAC changed to − 6.13 mV and − 16.44 mV, 
respectively, indicating that the bacterial biofilms bound more tightly 

on AC surface, especially Fe/GAC, similar to the above SEM results. 
Overall, Fe-modified of GAC resulted in changes in biofilms char-

acteristics, extracellular electron transfer, and electrostatic repulsion. 
Therefore, an enhanced microbial interface among organic pollutants, 
biofilms, and AC surface materials gradually formed on the Fe/GAC 
surface with biofilter operation, which significantly influenced the mi-
crobial community structure and EPS characteristics of the Fe/GAC 
surface and its effluents. Previous studies have reported that the content 
and components of EPS played a key role in microbial aggregation, 
adsorption, and biofilm formation (Jia et al., 2017). In addition, EPS was 
were significantly correlated with ARGs abundance (Zhu et al., 2018). 
Therefore, the characteristics of EPS extracted from water and BAC 
samples were examined in detail. 

3.4. Characteristics of extracellular polymeric substances 

EPS are complex high-molecular-weight extracellular polymers 
produced by microbial aggregates, and their main components are 
proteins (PN) and polysaccharides (PS) (Jia et al., 2017). The avail-
ability of charged moieties significantly affects the dewaterability of floc 
size and stability (Alaba et al., 2018). The PN and PS concentrations of 
the RW were 0.082 and 0.023 mg/L, respectively. After BAC bio-
filtration, the PN concentration decreased to 0.047 mg/L (FCW) and 

(F)

e-

Organic 
pollutants

Fe2O3/GAC

Biofilms

e-

EPS

(E)

(D) Fe 2p

Used GAC

Used Fe/GAC

Used GAC

Used Fe/GAC O 1s(C)

Fresh GAC 

Fresh Fe/GAC Fe 2p(B)O 1sFresh Fe/GAC

Fresh GAC

(A)

Fig. 5. (A and B) X-ray photoelectron spectroscopy (XPS) O 1s and Fe 2p of fresh filter material and (C and D) used filter material. (E) Fe2+ concentration of Fe/GAC 
(Fresh, 2 h, 200 days) by phenanthroline spectrophotometric method. (F) Fourier transform infrared spectroscopy (FTIR) of fresh filter material and used filter 
material. Error bars represent the standard deviation of the average from three replications (n = 3). 
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0.062 mg/L (CW), and the PS concentration increased to 0.044 (FCW) 
and 0.024 (CW) mg/L (Fig. 6A). Meanwhile, FCW (1.06) presented a 
lower PN/PS ratio than that of CW (2.63), resulting in the inhibition of 
the formation of stable microbial flocculation caused by more negatively 
charged surfaces and lower hydrophobicity (Wang et al., 2016). These 
results indicate that Fe/GAC filtration limited EPS production in water, 
which induced less microbial flocculation. Evidently, the PN/PS ratios of 
FCWCl (2.42) and FCDW (2.44) were relatively lower than those of 
CWCl (2.43) and CDW (3.01) after chlorination and distribution. 

Detailed information on EPS could be obtained from EEM measure-
ments and proteins could be clearly identified (Ex = 200–250 nm, Em =
330–380 nm). Compared to the EPS of CW, the intensity of the protein 
peaks (Peak A) of FCW was lower (Figs. S5A and S5B). Similar ten-
dencies were found between FCWCl and CWCl, and FCDW and CDW, 
which is consistent with the results of the photometric methods. 
Correspondingly, the fluorescence regional integration (FRI) method 
was employed to quantify the variations in fluorescent organic species 
from the five regions, Fe/GAC filtration resulted in lower aromatic 
proteins (AP) (Regions I and II), fulvic acid-like substances (FA) (Region 
III), soluble microbial byproduct-like substances (SMP) (Region IV) and 
humic acid-like substances (HA) (Region V) (Figs. S6A, S6B and S6C). 
Moreover, the zeta potentials of FCW, FCWCl, and FCDW were − 8.62 
mV, − 9.57 mV, and − 6.61 mV, respectively, which were considerably 
negative than that of the GAC-treated water (Fig. 6B). In previous 
studies, the flocculating efficiency result of each EPS fraction revealed 
good consistency with the tendencies of the zeta potential (Xing et al., 
2020), indicating the dominance of electrostatic interaction in the EPS 

flocculation process (Wang et al., 2016). The results indicated that the 
EPS extracted from Fe/GAC-treated water exhibited lower flocculating 
efficiency and stronger electrostatic repulsion, consistent with the above 
results. 

The reason for the differences between EPS extracted from Fe/GAC- 
treated water and GAC-treated water were identified by characterizing 
the EPS extracted from the corresponding biofilms. The PN, PS, and PN/ 
PS ratio of EPS from Fe/GAC were higher than those from GAC (Fig. 6C), 
which were consistent with the EEM results (Figs. S5G and H). Corre-
spondingly, the EPS of Fe/GAC (− 9.21 mV) exhibited a weaker negative 
zeta potential than that of GAC (− 15.88 mV) (Fig. 6D), strongly sup-
porting the PN and PS results of EPS of attached biofilm. These results 
indicated that the effect of enhanced microbial interface enabled Fe/ 
GAC surface to form tighter biofilms, which was consistent with our SEM 
results. Previous studies found that higher EPS contents served as a 
barrier for biofilm microorganisms and propelled the promotion of ARGs 
(Wang et al., 2019). However, Fe-modified GAC changed the extracel-
lular electron transfer pathway, resulting in sustained inhibition of ARGs 
on the Fe/GAC surface. 

As shown in Fig. 6E, total particle numbers of FCW (3227.5 CNT/mL) 
and FCDW (1038.5 CNT/mL) were substantially lower than that in CW 
(5037.5 CNT/mL) and CDW (1529.5 CNT/mL), respectively, with 
smaller particles in FCDW than that in CDW. EPS can affect particle 
distribution by promoting bacterial adsorption onto particles (Wu et al., 
2016). The results indicated that the detached microbes in the Fe/GAC 
filter-treated water were more dispersed because of the lower floccu-
lating efficiency of the EPS. Due to the different EPS characteristics, the 

Fig. 6. Protein (PN) and Polysaccharide (PS) concentration (left Y-axis) and PN/PS (right Y-axis) of EPS extracted from (A) water samples and (C) BAC samples. Zeta 
potential of EPS extracted from (B) water samples and (D) BAC samples. (E) Total particle numbers of RW, FCW, CW, FCDW, CDW. (F) Proposed mechanisms for Fe/ 
GAC to influence the stability of attached biofilms and suspended biofilms. Error bars represent the standard deviation of the average from three replications (n = 3). 
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biofilms on the Fe/GAC surface were tighter and the biofilms in water 
relatively loose, hence, the microorganisms on the Fe/GAC surface were 
not easily detached and the microorganisms in water were not easily 
flocculated, which was probably instrumental in consistently inhibiting 
the ARGs promotion in FCDW (Fig. 6F). 

3.5. Microbial community shift by Fe/GAC microbial interface 

BAC filters and DWDSs corresponded to two sequential microbio-
logical systems, and the BAC filter considerably affected the microbial 
community of DWDSs. Furthermore, it is important to understand the 
mechanism by which the BAC filter exhibits superior inhibition effect on 
ARGs promotion by influencing the microbial community. As shown in 
Fig. 7A, most bacteria in all samples belonged to the phylum Proteo-
bacteria. Actinobacteriota and Cyanobacteria were mainly present in 

FCWCl and CWCl, and Bacteroidota mainly existed in the biofilms pre-
sent on the surfaces of Fe/GAC and GAC. Fig. 7B shows the genus level 
classification for all sequences detected during the process of treatment 
and distribution systems using Fe/GAC and GAC filters. Herminiimonas 
(60.42%), Bosea (18.96%), and Brevundimonas (5.16%) dominated the 
RW. After biofiltration, Mycobacterium (20.94%), Brevundimonas 
(8.79%) and Siphonobacter (7.65%) dominated in the FCW, and Myco-
bacterium (24.90%), Brevundimonas (10.93%), and Sphingopyxis (8.56%) 
dominated in the CW. Meanwhile, the Shannon index increased sharply 
from 2.440 (RW) to 5.070 (FCW) and 4.776 (CW), indicating a higher 
microbial community diversity after biofiltration (Table S3). After 
chlorination, Mycobacterium became the dominant genus in bulk water, 
and its relative abundance in FCWCl and CWCl increased to 41.82% and 
36.94%, respectively. Moreover, the Shannon index significantly 
declined to 3.432 (FCWCl) and 3.396 (CWCl), indicating a significant 

Fig. 7. (A) Circos plot of the top 15 bacteria at phylum level. (B) Relative abundance of microbial community at genus level. (C) Redundancy analysis (RDA) between 
top 15 bacteria genus and target ARGs and integron in water samples. (D) Heatmap of Pearson correlation coefficients (*: P < 0.05, **: P < 0.01, ***: P < 0.001) 
between top 10 bacteria genus and target ARGs and integron. (E) RDA between ATP, EPS index and target ARGs and integron (zeta potential was substituted in 
absolute value). (F) Heatmap between number of particles at each stage and target ARGs and integron. 
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reduction in microbial diversity (Table S3). Notably, the microbial 
community structure of FCDW and CDW differed significantly after 
DWDSs distribution. For FCDW, the dominant genera were Sphingomo-
nas (25.14%), Brevundimonas (22.35%), and Mycobacterium (7.13%), 
and CDW was dominated by Brevundimonas (16.60%), Nocardioides 
(14.53%), and Hyphomicrobium (8.25%), indicating the variations in 
overall patterns of microbial communities during distribution. Lacibacter 
dominated in biofilms on the AC surface, and its relative abundance on 
Fe/GAC and GAC was 22.35% and 30.60%, respectively. The microbial 
community diversity of biofilms on the Fe/GAC surface was higher than 
that on GAC. (Table S3). 

The first two axes in redundancy analysis (RDA) (Fig. 7C) between 
the top 15 most bacterial genera, target ARGs, and integron in water 
samples showed that 86.26% of the variance in ARGs could be explained 
by the top 15 most abundant bacteria. Most of the selected ARGs were 
irrelevant to Herminiimonas, which was the dominant genus in RW. 
Moreover, RDA confirmed that integron were the primary medium for 
HGT of ARGs, which is closely related to the selected ARGs. MexA 
showed positive correlations with both sulfadiazine and chloramphen-
icol resistance genes, indicating its crucial role. Notably, the CW and 
CDW were more strongly correlated with the selected ARGs and integron 
than the others, suggesting better inhibition of ARGs is promoted by Fe/ 
GAC biofiltration. Based on Pearson correlations (Fig. 7D), Sphingopyxis 
was positively correlated with 16S rRNA, mexA, int1, int2, sul1, sul3, 
and catB3 (r = 0.778–0.939, P < 0.05), and Hyphomicrobium was posi-
tively correlated with 16S rRNA, mexA, int2, sul1, and catB3 (r =
0.872–0.950, P < 0.05) (Table S4). Moreover, Nocardioides was posi-
tively correlated with 16S rRNA, mexA, sul1, sul3, and floR, and 
Sphingorhabdus was positively correlated with 16S rRNA, mexA, int1, 
sul1, and floR. The relative abundances of Sphingopyxis, Hyphomi-
crobium, Nocardioides, and Sphingorhabdus in FCW and FCDW were lower 
than those in CW and CDW. The same pattern was observed in other 
bacterial genera that were positively correlated with ARGs. A previous 
study revealed that the high correlation between the microbial com-
munity and ARGs might pose risks to biological safety of drinking water 
(Chen et al., 2020). Therefore, for the microbial community in the de-
tached biofilms of Fe/GAC, the correlation with ARGs was considerably 
lower than that of GAC, which assisted in maintaining biological safety. 
As shown in Fig. 7E, the absolute value of zeta potential was negatively 
correlated with most of the selected ARGs, implying that a more nega-
tive zeta potential was beneficial in inhibiting ARGs promotion. In 
addition, ATP concentration was correlated with int1, sul2, and cmlA, 

which is strongly related to CW. Meanwhile, particles with 2–7 μm sizes 
were positively correlated with int1, while particles with sizes >20 μm 
were positively correlated with mexA (Fig. 7F), which suggests that 
frequent HGT between small-particle-associated biofilms and the main 
mechanism of antibiotics resistance between large-particles-associated 
biofilms was efflux pump. 

In this study, co-occurrence network analysis was applied to illus-
trate correlations (Spearman’s coefficient r > 0.8, p < 0.05) between the 
top 50 bacterial genera, ARGs and integron in water samples. The co- 
occurrence network of Fe/GAC-treated water included 60 notes (50 
OTUs and 10 ARGs/integron) linked by 146 edges, and the ratio of 
positive to negative edges was 4.407 (Fig. 8A), and that of GAC consisted 
of 60 notes and 162 edges, including 126 positive and 36 negative edges 
(Fig. 8B). For Fe/GAC (Fig. 8A), three OTUs were closely correlated with 
total bacteria, 23 OTUs had significant correlations with seven ARGs, 
and eight OTUs positively related to two integron, indicating that these 
OTUs might be potential hosts. For example, OTU 5 (Sphingopyxis), OTU 
8 (Nocardioides), and OTU 30 (Ensifer), co-occurring in both mexA and 
int1, and catB3 and int2, were associated with multiple OTUs. Notably, 
11 OTUs (in the upper left of Fig. 8A) formed an extremely interrelated 
module with no links to target ARGs and integron, indicating that none 
of them were potential hosts, which was beneficial in inhibiting the 
clustered growth of microorganisms notably associated with ARGs. As 
shown in Figs. 8B and 4 OTUs correlated significantly with total bac-
teria, 18 OTUs showed positive correlation with 7 ARGs, and 10 OTUs 
positively correlated with 2 integron in GAC-treated water. A total of 16 
genera affiliated with Proteobacteria were positively related to specific 
ARGs/integron, and Actinobacteriota and Bacteroidota each had a genus 
positively associated with specific ARGs/integron, suggesting that these 
bacterial taxa were potential hosts of the corresponding ARGs and 
integron. Notably, sul 1, sul 2, floR, int 1, and mexA were found to be 
associated with seven OTUs; catB3 and int2 exhibited connections with 
eight OTUs. These results were highly consistent with those of qPCR 
(Fig. 1). 

Overall, the enhanced microbial interface on Fe/GAC resulted in 
sustained inhibition of ARGs during chlorination and distribution, 
despite the distribution of bulk water being disconnected earlier from 
the interface. On the Fe/GAC surface, electrons were transferred from 
the organic pollutants to the Fe2O3 particles, while microbes obtained 
electrons from the Fe/GAC interface with the gradually maturing of 
biofilms. Hence, the extracellular electron transfer rate of biofilms on 
Fe/GAC significantly increased, which was verified by the decrease in 

Fig. 8. Co-occurrence networks between top 50 bacteria genus and target ARGs and integron in (A) Fe/GAC-treated water samples and (B) GAC-treated 
water samples. 
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effluent DOC concentration (Fig. S7). The change in the electron transfer 
pathway significantly decreased the pressure of organic micropollutants 
on microorganisms. In contrast to the general BAC, the Fe/GAC filter 
exhibited lower abundance of ARGs and integron. After Fe/GAC bio-
filtration, the EPS nature and bacterial community structure of the 
suspended biofilms in water continuously controlled ARGs during 
DWDSs. Suspended EPS with stronger electronegativity limited the 
particle size of the attached biofilms in water. During drinking water 
treatment and distribution, the most relevant microbial module in Fe/ 
GAC-treated water was completely disassociated with ARGs and inte-
gron. After flowing into DWDSs, the spread of the mexA gene was 
virtually terminated with the disappearance of >20 μm particles. 
Overall, microbial growth and metabolism in DWDS were considerably 
inhibited, which was confirmed by the decrease in ATP, chlorine con-
sumption, and SMPs (Figs. 2C and S8). Therefore, a range of microbial 
variations triggered by microbial interfaces on Fe/GAC successfully 
controlled the ARGs risk from BAC effluent to tap water. 

4. Conclusions 

Compared with GAC, Fe/GAC biofiltration resulted in sustained in-
hibition of ARGs during drinking water chlorination and distribution. A 
new electron transfer pathway occurred on the attached biofilms of Fe/ 
GAC, enhancing the extracellular electron transfer rate and weakening 
the pressure exerted by organic micropollutants on microorganisms. 
Thus, the relative abundances of ARGs and integron on Fe/GAC were 
considerably lower than those on GAC. Meanwhile, the EPS secreted on 
Fe/GAC exhibited higher flocculating efficiency and better mechanical 
stability, resulting in a significant increase in the electrostatic repulsion 
of suspended EPS in downstream water. The particle-attached biofilms 
in downstream DWDSs consistently failed to form larger aggregates, 
inhibiting HGT and overall microbial metabolism. Eleven OTUs in the 
water samples collected from RW to DWDSs effluent formed an 
extremely interrelated module, and none of them were potential hosts of 
the target ARGs and integron. Therefore, a range of microbial changes in 
water triggered by microbial interfaces on Fe/GAC successfully 
controlled the ARGs risk from BAC effluent to tap-water. This is the first 
study to successfully control the ARGs risk during the entire process of 
drinking water treatment and distribution by modifying the interface of 
BAC materials. Enhancing the BAC microbial interface is a practical 
solution for producing drinking water free from microorganisms in the 
future. 
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